Lipopolysaccharides (LPS) were extracted from seven Bacteroides strains by three different techniques: the phenol-water (PW), phenol-chloroform-petroleum (PCP) and Triton-Mg2+ methods. The strains selected included two different B. fragilis strains, one of which was grown in two different media. Yields varied between the strains, growth media and extraction technique, but generally the highest yield by weight was from the PCP method and the lowest from the PW method. The PW method was selected for the greatest amounts of carbohydrate and KDO, and the PCP method for the least. Phosphorus levels were more uniform among all extraction methods. Protein contamination was found in all Bacteroides LPS extracts, with extremely low levels in PW-LPS and the highest levels in material extracted by the PCP and Triton-Mg2+ techniques. No protein contamination could be detected after proteinase K treatment. After silver staining LPS PAGE profiles showed ladder patterns characteristic of smooth LPS for B. uulgatus, B. thetaiotaomicron and the control Escherichia coli 018 : K-strains, whereas the other Bacteroides strains showed mainly rough and low M, material only. The PCP method did not select for high M, material in the B. fragilis strains; otherwise the LPS profiles for all extraction methods were identical. The biological activities of native and sodium salt form LPS were investigated on a weight for weight basis and compared to that of E. coli 0 1 8 : K-PW-LPS. Amongst the LPS from Bacteroides strains, those prepared by the PW method were found to have a significantly higher activity in a galactosamine mouse lethality model, in induction of TNF and the Limulus amoebocyte lysate (LAL) assay, than LPS extracted by the PCP or Triton-Mg2+ methods. LPS from Bacteroides strains extracted by the PCP method had consistently low activity in all assays. Comparing PW-LPS from Bacteroides strains with that from E. coli 018:K-in the galactosamine mouse model, the E. coli 018 : K-LPS was c. 5000-fold more active than the most active bacteroides LPS. However, in the LAL assay native PW-LPS from both the B. fragilis strains, and B. caccae had higher activities (up to 30-fold) than E. coli 0 18 : K-LPS, with the PW-LPS from the other Bacteroides spp. being up to 15-fold less active than the E. coli 0 1 8 : K-PW-LPS. In the TNF induction assay, E. coli 0 18 : K-PW-LPS was 4-50-fold more active than bacteroides PW-LPS. In the LAL assay and galactosamine mouse model, native LPS had more activity (c. two-fold) than sodium salt form LPS. There was no clear difference in activity between native and sodium salt form LPS in the TNF induction assay. The results for the LAL and TNF induction assay were re-evaluated relative to KDO concentration. In the TNF induction assay, previously low activities seen on a weight for weight basis were due in part to less KDO being present. However, LAL activity for PCP-LPS was still low after re-evaluation relative to KDO concentration. The molecular basis for the differences in biological activity of bacteroides LPS in relation to extraction methods and chemical composition is not yet understood.
Introduction
tions including intra-abdominal, vaginal, brain and lung abscesses and peritonitis. The source is usually the faecal flora. Faeces contain 1 Oll-1 0l2 bacteria/g and anaerobes constitute C. 99.9 yo of the faecal batterial mass. Of this, the species belonging to the genus Bacteroides sensu strict0 (formerly members of the B. fragilis group of Bacteroides) account for 20 In the past 25 years, the lipopolysaccharide (LPS) of B. fragilis has been studied by many groups and has yielded many controversial results regarding its rough or smooth structure, and presence of KDO or not, but it is generally agreed that it is weakly en do to xi^.^-' It was thought initially that B. fragilis LPS contained no repeating long chains of polysaccharide linked to lipid A core. This was due in part to the use of the phenolchloroform-petroleum extraction method which tends to select for rough type LPS5 and it was not recognised that subpopulations existed that expressed different surface molecule~.~ In 199 1 Maskell investigated by polyacrylamide gel electrophoresis LPS from 10 species of Bacteroides prepared by the non-selective proteinase K method. He showed that some Bacteroides spp. produced predominantly rough LPS whereas others such as B. vulgatus and B. caccae produced smooth LPS similar to that of facultative enterobacteria. Other species such as B. fragilis produced poorly resolved high molecular mass (M,) material as well as rough LPS. It is now well established that B. fragilis LPS does contain KDO, but only in a phosphorylated form which renders it undetectable in the standard thiobarbituric acid assay. Prior dephosphorylation by hydrofluoric acid treatment is required for its dete~tion.~ It is well documented that the lipid A of B. fragilis LPS contains different fatty acids from the lipid A of enterobacterial LPS and is monophosphorylated, and this is one reason why it is less endotoxic than enterobacterial LPS. ' Endotoxaemia can occur as a primary event, for example in patients with intra-abdominal or urinary tract sepsis. However, in critically ill patients without a confirmed bacteraemia, it is thought that the gut is the major source of " endotoxin "lo which subsequently leads to the systemic inflammatory response syndrome (SIRS),ll a consequence of which can be multiple organ failure and death in up to 80% of patients. Although it has been shown that the LPS of B. fragilis has lower activity than enterobacterial end~toxin,~ Bacteroides spp. are numerically far more predominant (c. 1000-fold) in the gut than enterobacteria such as E. coli, thus representing a vast pool of potentially biologically active LPS.
In this paper, the biological activity of LPS from seven species of Bacteroides is re-examined by comparing the activity of LPS extracted by three different methods in mouse lethality and TNF induction models, and an attempt is made to relate activity to chemical composition. The Limulus amoebocyte lysate (LAL) assay was included in the study as the standard in-vitro method for detection of endotoxin.
Materials and methods

Bacterial strains
A list of strains used and their origin is shown in table I.
Culture methods
Bacteria were grown in 15-16-L batches in a 20-L capacity fermenter (LH Engineering, Stoke Poges). Bacteroides spp. were grown in defined broth', or proteose-peptone yeast extract (PPY) broth, anaerobically, in N, 100 O/ O at 37°C. Escherichia coli 0 1 8 : Kwas grown in nutrient broth (NB) anaerobically, in N, 100% at 37"C, or aerobically (PO, 50%) at 37°C. Strict purity checks were made for each organism at the end of each fermentation run.
Extraction of LPS
LPS was extracted by the phenol water (PW) method as described by Westphal and Luderitz;13 by the phenol-chloroform-petroleum (PCP) method as described by Galanos et al., 14 and by the Triton-Mg2+ method described by Uchida and Mizushima.15 All native LPS (5 mg/ml) were freed from protein contamination by treating with proteinase K 20 pg/ml at 65°C for 2 h. Proteinase K was removed by two washes with pyrogen-free water (PFH,O) at 100000 g. Batches of de-ionised and sodium salt form LPS were prepared by the method of Galanos as described by Hancock and Poxton. l6 Further native enterobacterial LPS used in the TNF induction assays were obtained from PW or PCP extracts prepared by F. McLoughlin, Department of Medical Microbiology, Edinburgh University Medical School.
Polyacrylamide gel electrophoresis
Polyacrylamide gels (14 YO without SDS) were prepared with the buffer system of Laemm1i.l' Each extract was dissolved to a concentration of LPS 1 mg/ml in the SDS-2-mercaptoethanol solubilisation buffer of Laemmlil' and heated at 100°C for 3 min. Samples (20~1) were applied to a non-SDS polyacrylamide 14% gel. To visualise LPS, gels were oxidised with periodate and stained with silver by a method modified from that of Tsai and Frasch.16, 18 Gels were stained for protein by the Coomassie Blue method as described by Hancock and Poxton."
Chemical analysis of LPS
Neutral sugars were quantified by the colorimetric method of Dubois et al. 19 The phosphorus content was measured by the method of Chen et a1.20 Bacteroides LPS were dephosphorylated by hydrofluoric acid as described by Beckmann et aL9 and the KDO content of Mouse lethality : galactosamine model in PFH,O. Each sample (50 pl) was added in duplicate to wells of microtitration plates (Greiner). Chromo-D-Galactosamine (12 mg/mouse) was administered intraperitoneally to groups of three 6-8-week-old male C57 black mice just before intraperitoneal administration of LPS in the range 5 ng-5 pg. Survival was recorded up to 24 h. Animal experiments were performed in accordance with Home Office guidelines.
genic LAL reagent (Coatest Endotoxin, Chromogenix, Sweden) was added to each well through a transfer plate to ensure that each well received the LAL reagent at the same time. To minimise error through temperature gradients the outer wells of the plate were left unfilled. The plate was read kinetically every 19 s at 405 nm (reference background 650 nm) for 90 min in a Thermomax plate reader (Molecular Devices) at 37°C. The replicate mean onset time for test samples was standardised against an endotoxin of known potency (E. coli 0 1 11 : B4, Coatest Kit endotoxin standard, Chromogenix).
LPS-induced TNF secretion
Mononuclear leucocytes (MNL: c. 30 YO monocytes) from freshly collected human buffy coats (obtained from the Blood Transfusion Service, Edinburgh) were prepared by sedimentation on lymphocyte separation medium (ICN Flow). Cells (8 x 106/ml) were cultured in RPMI 1640 (Blood Transfusion Service, Edinburgh) supplemented with penicillin 100 U/ml, streptomycin 100 ,ug/ml, 1 mM L-glutamine and fetal calf serum (FCS) 10% in the presence or absence of varying (ng) concentrations of LPS. Culture supernates were collected after 4 h and stored at -20°C for TNF determination.
Determination of T N F content
The L929 mouse fibroblast cell line, which is sensitive to TNF, was cultured in growth medium-MEM (Sigma) containing FCS 5 YO supplemented with penicillin 100 U/ml, streptomycin 100 ,ug/ml and 1 mM L-glutamine, and maintained by splitting 1 in 10 twice weekly. Cells were dislodged by a solution of trypsin 0-05 O h , EDTA 0.02 YO to avoid cell clumping, washed and resuspended in a growth medium to 
Results
Comparison of diflerent extraction methods
The yield of native LPS obtained with each extraction method is shown in table 11. The PCP extraction method gave the highest yield of LPS for each organism, whereas the PW method gave the lowest yield for most organisms. Those organisms that gave a high yield of dry cells were very mucoid and the yield of LPS was generally poorer.
Polyacrylamide gels were run and stained for LPS and protein. Contaminating protein was found in bacteroides LPS extracted by all three methods, especially those extracted by the PCP and Triton methods (data not shown). LPS extracts were assayed for protein content :21 in PCP extracts protein content ranged from undetectable to > 200 pg/mg dry weight ; in all Triton preparations, with the exception of that from B. vulgatus MPRL 1985 in which none was detected, protein contamination was in the range 60-500 pg/mg dry weight; and none was detectable in the PW extracts.
All LPS preparations were then treated with proteinase K. On repeating the protein assays, none was detected and no Coomassie Blue-staining material was observed in PAGE. LPS profiles after silver staining were identical to those before proteinase K treatment (data not shown). The following results are from LPS preparations which had been treated with proteinase K to remove protein contamination. Fig. 1 shows LPS profiles on PAGE for each strain and extraction method after separation and silver staining. A banding pattern typical of smooth LPS was seen for E. coli 018 : K-(gel c, tracks 1 and 2), B. vulgatus MPRL 1985 (gel a, tracks 10, 11 and 12) and B. thetaiotaomicron MPRL 1720 (gel b, tracks 1,2 and 3). Material of high M, was seen in B. fragilis LPS extracted by both the PW and Triton methods. Rough, low M, material was seen in extracts prepared for all species by each method, and was "dumbbell shaped" for B. caccae and B. ovatus (gel b, tracks 4, 5 and 6, and 10, 11 and 12). The PCP extraction method produced a pronounced band (X) present behind the main front band (R) in all preparations. For B. fragilis, the PCP extraction method did not select for high M, material. Silver stain profiles for sodium salt form LPS were identical to profiles of native forms (data not shown). LPS profiles for E. coli 018:K-grown aerobically and anaerobically were identical.
Chemical analysis of LPS samples
Samples of dry extract were resuspended in PFH,O to a concentration of 5mg/ml and assayed for carbohydrate, phosphorus and KDO content. The relative amounts of carbohydrate, phosphorus and KDO are shown in table 111. Bacteroides spp. showed a negligible amount or no KDO content before treatment with hydrofluoric acid. The PW extraction method selected for the greatest amount of carbohydrate and KDO material and the PCP extraction method for the least. Phosphorus levels were more uniform among all extraction methods. No difference was observed between LPS extracts from E. coli 0 18 : K-grown in different atmospheres.
LPS induced mouse lethality (galactosamine model)
E. coli 018:K-LPS was lethal to all mice at 50 ng/mouse (table IV) 
Reactivity of LPS samples in L A L assay
Endotoxic activities in the LAL assay of native and sodium salt form LPS are illustrated in table V (i), (ii) and (iii) for each extraction method. On a weight for weight basis, the greatest activity was seen in the PW extracts and the least activity seen in the PCP extracts. Most native PW-LPS were more active than sodium 
All assays were carried out on at least two occasions and the results presented are the mean of two experiments. All samples were tested in duplicate for each assay. See table I11 for  abbreviations. salt PW-LPS. Approximately 70 % of native PCP-LPS are more active than sodium salt PCP-LPS. No significant difference was seen between the native and sodium salt form LPS extracted by Triton. LPS from E. coli 018 : K-grown aerobically was more active than LPS from E. coli 0 1 8 : K-grown anaerobically by a factor of two. B. fragilis MPRL 1504 PW-LPS was more active than E. coli 018:K-LPS by a factor of 30, B. fragilis NCTC 9343 VT PW-LPS by a factor of 10, B. fragilis NCTC 9343 PPY PW-LPS by a factor of four and B. caccae MPRL 1555 PW-LPS by a factor of four. LPS from all other Bacteroides spp. were less active than that from E. coli 0 1 8 : K-. A difference in activity for B. fragilis NCTC 9343 LPS grown in different media was also seen.
LPS-induced TNF secretion from human bufy coats
The amount of TNF induced by different LPS from human MNL (8 x lo6 cells/ml) at several different concentrations is shown in fig. 2 . TNF appears to reach a maximal level at c. 160 ng of LPS for all those tested. Based on the data from fig. 2 , an LPS concentration of 50 ng/ml was selected to compare a larger panel of LPS from other Bacteroides spp. and enterobacteria (table VI) . This value was chosen as it was in the middle of the linear part of both the dose response curve and the standard curve of the assay. This would not show the maximum induction capacity of the LPS but was a compromise for comparing a large number of LPS samples. E. coli 018:K-LPS stimulated the most TNF production with no difference in TNF production between LPS from E. coli 018:K-grown aerobically or anaerobically. On a weight for weight basis, PW-LPS stimulated the greatest TNF production. Comparing PW-LPS, bacteroides LPS induced TNF much less than did E. coli 018:K-LPS, with the most active (B. fragilis NCTC 9343 VT) being four times less active than E. coli 018 : K-and the least active (B. vulgatus MPRL 1985) being 37 times less active than E. coli 0 1 8 : K-. TNF production with other enterobacterial LPS tested was of the same level or less than that with E. coli 018 : K-LPS, all being more active than bacteroides LPS. Sodium salt form E. coli 018 : K-LPS had half the activity of native form E. coli 0 18 : K-LPS. Generally for bacteroides LPS there was no clear distinction in activity between sodium salt and native form LPS.
Reactivity of LPS samples on the basis of KDO concen tra tion
All the above assays were done on a weight for weight basis. However, because endotoxicity is likely to depend on lipid A concentration, it was decided to re-evaluate some of the results of TNF induction and LAL activity relative to KDO concentration in an attempt to compare lipid A levels-on the assumption (which could well be false) that lipid A is proportional to KDO in all species.
The TNF concentration from human buffy coats expressed as IU/ng of KDO and endotoxic activity in LAL expressed as EU/ng of KDO after stimulation with selected bacteroides and E. coli 018:K-LPS is presented in table VII. For the TNF concentrations measured, this shows that the low activities seen previously on a weight for weight basis (table VI) were due in part to less KDO being present. However, LAL activity for PCP-extracted LPS was still low when the results were represented/ng of KDO.
Discussion
This study has shown that an aqueous phenol (PW) extract of bacteroides LPS is significantly different both in terms of chemical composition and biological activity from the PCP or Triton products. The three methods were selected in an attempt to produce products of different composition. The classical PW method was likely to select for higher M,, less hydrophobic material, the PCP method for roughform, more hydrophobic material, and the Triton-Mg2+ method was chosen as a milder, less selective method. It is well accepted that enterobacterial LPS is heterogeneous in M, even when pure. We acknowledge that the bacteroides "LPS" used in this study may be heterogeneous both in M, and in molecular composition. The degree of different molecular species of LPS and other co-purifying carbohydrate, due to the probable subpopulation structure of our culture^,^ is by no means certain. The biological activity of enterobacterial LPS is thought to depend on its solubility22 and, for this reason, the native and the standardised, soluble sodium salt forms were prepared from electrodialysed material.
Our results agree with previous studies7 that in a mouse lethality model bacteroides LPS is c. 5000-fold less active than LPS from E. coli. In past studies,'? 2 3 9 24 bacteroides LPS has been quoted as being 100-1000fold less biologically active in vitro, depending on the assay, than LPS from enterobacteria. Our results for bacteroides LPS extracted by the PCP or Triton method agree with this. However, our results for LPS extracted by the PW method disagree with the accepted view. Tumour necrosis factor-alpha (TNF) is considered to be the pivotal cytokine in the host response to endotoxin. In the TNF induction assay, E. coli 018 : K-LPS was only four-fold more active than B. fragilis LPS, seven-fold more than B. caccae LPS and up to 50-fold more than the other bacteroides LPS. In the LAL assay, which has questionable value for the in-vivo situation, the same LPS that were the most active in the TNF-induction assay (from B. fragilis and B. caccae) were 30-40-fold more active than E. coli 018:K-LPS, with E. coli 018:K-LPS being c. 10fold more active than the rest of the bacteroides LPS tested. The two-fold difference in activity in the LAL assay for LPS from E. coli 018 : K-grown aerobically and anaerobically is unclear. Our results also show that solubility (native versus sodium salt form LPS) does not play an important role in biological activity as has been described previously for enterobacterial LPS ;22 in most cases the sodium salt form was of lower activity. Growth in the defined van Tassel1 and Wilkins' medium was included because we have found recently that growth in this medium converts several B. .fragilis strains, including NCTC 9343, from being sensitive to the lytic action of normal human serum to being resistant. This may be due to a change in expression of certain surface polymers such as LPS. 25 The results show some differences between the two growth media in respect to both chemical composition and biological activities.
The possibility that some contaminant may be present in the LPS preparations from Bacteroides spp. must be considered. In this connection we found no contaminating organisms when culturing the organisms for extraction and the identity of each strain of Bacteroides was confirmed before the start of the study. Furthermore, PW-LPS samples from several Bacteroides spp. prepared by different individuals at different times in our laboratory were tested alongside our own samples in the LAL and TNF induction assay. They were found to produce nearly identical results (data not shown). Higher biological activity in the PW preparations cannot be due to a biologically active protein as protein levels were negligible after purification (table 111) . Biological activity also cannot be due to any contaminating proteinase K as all bacteroides LPS had been treated similarly with proteinase K.
Some PW preparations of bacteroides LPS are clearly more active than others, e.g., B. fragilis NCTC 9343 VT/PPY and B. caccae MPRL 1555. Chemical analysis does not explain why the LPS from some species are more active than from others. It does show that more carbohydrate and KDO is present in the PW preparations. The amount of KDO destroyed or not released by hydrofluoric acid treatment is not known. Those species that had a low reactivity in the LAL and TNF bioassays (B. vulgatus MPRL 1985 and B. thetaiotaomicron MPRL 1720) had a smooth LPS profile on PAGE (fig. 1 ). This is in apparent contradiction to the view that aqueous phenol preferentially extracts smooth-form LPS. Moreover it is surprising that those strains which are obviously smooth (e.g., B. vulgatus) are less endotoxic.
In the light of the great variation found in the chemical analyses, PAGE profiles and biological activities of the various preparations, and the knowledge that several different LPS-like molecules have been identified by monoclonal antibodies,26 the suggestion that different extraction methods selectively produce different populations of LPS or perhaps lipid-linked capsular polysaccharides is strong. In nature all of these different molecular species, if expressed, might contribute towards a range of "endotoxic" phenomena. Therefore, it is essential to be able to purify the various components of this heterogeneous " LPS" population and relate them to biological function.
The role of bacteroides LPS in endotoxic shock remains to be defined. We have shown that PWextracted LPS has a higher biological activity than previously r e p~r t e d .~?
24 How these chemically extracted "LPS" relate to what is found in vivo also needs to be defined. When we consider that Bacteroides spp. are in vast excess of E. coli in the gut and may have higher biological activity than previously thought, the bacteroides LPS may play an important but neglected role in endotoxic shock.
